The quest for novel materials for molecular electronics and optoelectronics has prompted scientists to focus their attention on chemically versatile organic molecules that are easily synthesized, modified and handled. Among the conducting materials, polymers and charge-transfer salts are those most commonly studied. However, the 'big' compounds of biological interest such as porphyrins or phthalocyanines, have also received attention. They offer numerous advantages over the single inorganic or organic compounds, i.e. a coordination chemistry that is particularly rich and a chemical versatility which allows the synthesis of numerous geometries and structures. Morever, they offer a wide domain of redox properties which depend on the nature of the central metal ion and of the peripheral substituents. Their dual character of donor and acceptor facilitates the choice of the complexing molecule and charge-transfer complexes can easily be obtained. An example is given by Ni phthalocyanine crystals doped with iodine, which show conductivities ranging from 260 to 750 R-' cm-' along the crystallographic stacking direction, at room temperature. ' The charge carriers, which are responsible for conductivity properties, can also be photogenerated. In the field of photoconducting materials, photovoltaic cells of zinc oxide or cadmium sulfide with phthalocyanines can give a high conversion efficiency (0.22% under white light irradiation with a fluence of 75 W cm-2).2 This efficiency is related to the polymorphous nature of the phthalocyanine films : it depends essentially on the intermolecular interaction in the lattice. A cofacial conformation of the chromophores and a short intermolecular distance favours high conductivity. Their efficiency is, however, limited to the domain of absorbance of the photoactive compound which corresponds to 550-900 nm for phthalocyanines and 350-650 nm for porphyrins. A recent study has pointed out the possibility of extending the spectral response of electrochemical cells over the solar spectral domain from the UV to the near-infrared by associating the two compound^.^ The literature contains very few studies on the association of the two compounds. This is surprising since such an association offers very attractive features. Besides their complementary optical properties, an exceptionally wide range of donor-acceptor systems can be obtained by varying the central metal ion and peripheral substituents of the two monomers.
In previous work, we have shown that the electron transfer can efficiently occur in heterodimers formed by pairing in solution positively or negatively charged porphyrins and phthalocyanines bearing oppositely charged ~ubstituents.~ The present study aims at elucidating the nature of the intramolecular and intermolecular interactions of similar but semi-amphiphilic heterodimers when they are transferred from the liquid phase to organized Langmuir-Blodgett films. Our attention will be more specifically focused on the study of electron-transfer processes in LB films, which could be relevant for applications based on electron-transfer processes.
Experimental
The 5,10,15,20-(tetrakis-(N-docosylpyridinium)-4yl porphyrinato)zinc(II) tetrabromide, [ZnP(N+C2,H4,),4Br -1 was synthesized as previously de~cribed.~" The 4,4',4,4"'-tetrasulfonated chloroaluminium phthalocyanine (AlC1PcTS4-) was synthesized by Dr. Langlois using Weber's method.5b
A solution of a 1 : 1 mixture (5 x lop4 mol dmp3) of the two compounds was initially prepared in dimethyl sulfoxide. The concentrated solution was then diluted with chloroform and the solution (2.5 x mol dm-3) was spread on the Millipore Q-grade water subphase. Homolayers or alternate layers of the porphyrin-phthalocyanine heterodimers with otricosenoic acid were built on a trough patented by Barraud.6 With a transfer pressure of 20 mN m-* and a transfer speed ranging from 0.5 to 0.7 cm s-', we obtained transfer ratios >0.9. The quartz substrates were coated on each side and the number of layers was varied from two to 400.
UV and visible linear dichroism and EPR techniques were used to probe the orientation of the heterodimers on the substrate. Absorption spectra were recorded with a Perkin-Elmer 15 spectrophotometer.
A time-resolved study of the photophysical properties of the mixed dimers was performed using a two-laser spectroscopy set-up. For experiments on the nanosecond to millisecond timescale, we used a nanosecond absorption spectroscopy apparatus comprising an Nd-YAG laser (6 ns f.w.h.m. pulse duration) and a pulsed xenon lamp as probing light. A detailed description of the system is given elsewhere.' For sub-picosecond to nanosecond experiments, high-power femtosecond pulses were generated from a colliding modelocked dye laser and further amplified. The whole system was described in detail el~ewhere.~ Briefly, in the present study, we obtained 250 fs f.w.h.m. pulses centred at 620 nm, of 500 pJ. The beam was split in two and two continua of white light were generated for the pump and probe experiment. In the first line, the exciting wavelength was selected with an interference filter (A = 550 _+ 10 nm), then amplified via a double passage of the beam through a dye cell (rhodamine 6G) synchronously pumped by the Nd-YAG laser. We obtained 100 pJ at 565 nm. However, low output power was generally used in these experiments (100 MW cm-2) to avoid the destruction of the layers. The pump pulse width measured again at the sample place was broadened to 650 fs. The time zero between the pump and probe beams was determined from the instantaneous photobleaching of rhodamine 6G deposited as a thin film on a glass slide. The absorbance difference of the excited mixed dimer in LB films was recorded as a function of time, over the 380-800 nm range.
Results and Discussion

Surface Pressure vs. Area Curves
The floating films built from the 1 : 1 semi-amphiphilic ZnP(N+C2,),/A1PcTS4-heterodimer were very stable and could sustain surface pressure up to 32 mN m-I. The molecular area was 235 10 A2, for a surface pressure of 20 mN m- (Fig. 1 ). This value is much higher than those previously reported in the literature for phthalocyanines or porphyrinlike compounds. When the molecular area was less than 50 A' , it was suggested that the macrocycles are nearly perpendicular to the surface of the substrate. This behaviour was found for numerous porphyrin and phthalocyanine com- pounds which are either substituted by short chains or hydrophobic substituents.8 When the chain length increases, when the substituents are hydrophilic or the semiamphiphilic phthalocyanines are charged, the molecular area per macrocycle is higher (120-135 A).' Thus, the combination of hydrophobic chains and hydrophilic substituents favours molecular ordering at the air/water interface. In the last case, recent studies have shown that the semi-amphiphilic phthalocyanines are in fact dimerized; the dimer has a face-to-face structure and !ies flat on the water surface."
The area of an unsubstituted phthalocyanine can be estimated from the known crystallographic data. Williams et ul." and Omiya et a1.,12 calculated the molecular area to be 175 A2. A higher, but more precise value, 185 A2, can be obtained directly from the more recent work of Lippel et a1.13 who reported electron tunnelling microscopy of copper phthalocyanine molecules adsorbed on the (100) face of a copper crystal. This molecular area, however, corresponds to an unsubstituted phthalocyanine. For a substituted phthalocyanine, such as the tetrasulfonated phthalocyanine, this area would be slightly higher, ca. 200 A2. Similar values were also obtained for amphiphilic porphyrins. Porteu et al."
found molecular areas of 210 and 165 A' for the monomeric and aggregated forms of the amphiphilic porphyrin. In the present case, the area is slightly higher than those found for the amphiphilic porphyrin monomer and tetrasulfonated phthalocyanine monomer. This value, therefore, cannot fit with a side-by-side arrangement of the two chromophores, but seems to be consistent with a tilted face-to-face conformation as shown in Fig. 2 . From space-filled molecular models, it can be seen that such an arrangement, with the two chromophores facing each other and tilted 45", allows filling of the free space and gives a very compact molecular layer. The molecular area of such a cofacial dimer is around 255 A2, which is remarkedly close to the experimental value. Such conformations were found in covalent face-to-face porphyrin-phthalocyanine lanthanide dimers;I4 they reduce the steric hindrance due to the phenyl group of the porphyrin and thus the intermacrocycle distance.
EPR Spectroscopy
EPR is well suited to explore molecular orientations in LB films, especially when paramagnetic centres are present. Here, A1ClPcTS4-was replaced by the paramagnetic CuPcTS4-and alternate layers of the ZnP(N+Cz,),/CuPcTS4-dimer and o-tricosenoic acid were built and studied. In Fig. 3 are shown the EPR signals of the dimer film.
Three different types of interaction could contribute to the shape of the EPR signals: (i) hyperfine (hf) coupling, which arises from the interaction between the electronic and nuclear spins of the paramagnetic centre. In the case of the Cu2+ ion, the hyperfine coupling is responsible for the splitting of the signal into four equivalent lines. Its intensity is measured by the coupling constant A. (ii) Super hyperfine (shf) coupling, which arises from the interaction between the nuclear spins of the paramagnetic centre and its proximal neighbouring atoms (four nitrogens of porphyrins and phthalocyanines). In the present case, this shf coupling is responsible for the splitting of the signal into nine lines which appear as small fringes inside the hyperfine signals. The shf intensity is given by the coupling constant AN. (iii) Dipolar coupling, which arises from the interaction of two paramagnetic centres. This depends strongly on the distance between and relative position of the two atoms. In the present case, homo-dimerization or self-aggregation of CuPcTS4-could occur on the water subphase, before the transfer of the monolayer onto the substrate. Such a dipolar coupling in an ill-defined dimer or in an aggregate is known to give rise to structureless signals without any shf or hf lines.I5
In the present case, the hf structures can be detected for both parallel and perpendicular magnetic fields. Therefore, CuPcTS4-is neither in homodimer form nor self-aggregated. The more or less well defined shf structures are observed only for one of the four hyperfine lines. This feature is commonly observed for copper phthalocyanine dyes either in solutions or in polycrystalline solid solutions and is explained by the occurrence of intermolecular coupling. The predominant effect of increasing intermolecular exchange on the EPR spectra of phthalocyanines is its tendency to average local hyperfine fields causing a progressive coalescence of both the shf and hf splittings." In the present case, this interaction is weak, as the hf and shf structures are still visible, and the hetrodimer can be visualized as being in weak interaction with its neighbours. Moreover, CuPcTS4 -molecules are neither dimerized nor in an aggregated form. The values of g and the coupling constants calculated from These values are comparable to the data obtained by Rollmann and Iwamoto16 for the monomers of tetrasulfonated copper phthalocyanines in dimethyl sulfoxide solution. The high anisotropy of the EPR spectra in LB films indicates that the CuPcTS4-chromophore in the dimer lies flat on the substrate. The value of A, in the present heterodimer is notably increased with respect to the monomer of copper phthalocyanine in solution (A, = 20 x cm-'). This indicates an increase in the ionic character of the CuN bond, the electron being more localized on the copper ion. This effect could be due to the strong intramolecular interaction between the two macrocycles.
UV and Visible Dichroism
The absorption spectra of the dimers in LB films have a high anisotropy. We used the method developed by Vandevyver et ~1.'~ to study the spatial orientation of the heterodimer with respect to the surface of the substrate. This method allows, under specific conditions, the calculation of 8, the average tilt angle between the dimer plane and the surface of the substrate. 8 is related to f i ( i ) , the dichroic ratio, which is the ratio of the absorption at i = 60" to that at i = 0, by the expression
where n, is the refractive index of air (n, = l), n2 of the organic film (n2 = 1.55), and n3 of the quartz substrate (n3 = 1.33), i is the angle of incidence in medium 1, r the angle of refraction in the substrate (nl sin i = n3 sin r). For small 8, sin2 8 = (sin 8)' and cos' 8 = (cos 8)'. Fig. 4 shows the absorption spectra for two orientations of the sample (i = 0 and 60") relative to the polarized electric field. The dichroic ratio, p(i), was found to be 0.66 f 0.01. The absorption spectra of semi-amphiphilic ZnP(N+C2,),/AlCIPcTS4-dimers in the LB films are very similar to those recorded for the same dimers in the liquid phase (Fig. 5) . This similarity is very interesting; it reflects the strong intramolecular coupling of the two moieties in the heterodimer. This intramolecular coupling seems to prevail over any other intermolecular interaction in the solid matrix. This result is also consistent with the EPR data. As the optical properties of the ground-state dimer in LB films are the same as in the liquid phase, it is interesting to study the photoprocesses occurring in the solid-state system upon light irradiation in comparison with the liquid-phase photoreactivity of the heterodimer.
Photophysical Properties of ZnP(N+C22)4/AlClPcTS4-
The fluorescence of each monomer is totally quenched in the heterodimer. This is not surprising since the heterodimer in solution is not fluorescent. In the liquid phase, this behaviour has been explained in terms of the existence of a very efficient charge-transfer reaction., The resulting transient oxidized porphyrin and reduced phthalocyanine were characterized by their optical properties.
Upon excitation at 565 nm with a femtosecond laser source, transient absorbing species are formed. The transient differential spectrum (Fig. 6) is very similar to that obtained for the same dimer in solution. Instantaneous photobleaching of the porphyrin Soret band and the phthalocyanine Q band along with positive absorptions in the near UV and visible region are observed. Over the whole explored wavelength domain, the kinetics of disappearance of the transient species show three distinct regimes. The contribution of each decay or formation rate is wavelength dependent. At 450 nm, which corresponds to the absorption maximum of the porphyrin Soret band, the instantaneous photobleaching reaches first a maximum at 0.95 ps, then starts decaying with three disinct regimes; the first corresponds to a very fast decay from 0.95 ps to ca. 8 ps. The second is slower and the signal decreases within 200 ps to a plateau and remains quite stable up to 800 ps (Fig. 7) . In the positive absorption domain of the differential spectrum as well as in the photobleaching region of the phthalocyanine Q band, similar features are observed. The only difference comes from the first kinetic step which could correspond either to a formation rate or a decay rate, the constants of which are the same. The strong absorption in the 470-500 nm region is usually observed when porphyrin singlet or triplet excited states are formed, while the absorption at 400-410 nm is typical of zinc porphyrin monocations.'* On the other hand, monoanions of tetrasulfonated phthalocyanines in solutions are known to possess strong absorbances in the 500-700 nm region with two maxima at around 570 and 645 nm.I6 According to the spectral variation and kinetics profile at different wavelengths, its appears that electron transfer occurs in the dimer in LB films as well as in solution. We therefore attribute the initial absorption to the singlet excited states of the dimer which are instantaneously formed within the pulse duration. They deactivate rapidly within a few picoseconds, with rate constant k,, to low-lying charge-transfer states, leading to the formation of the oxidized porphyrins and reduced phthalocyanines. As the electron transfer seems to be very efficient, it must correspond to the principal decay pathway of the singlet excited states of the strongly coupled dimer. However, one cannot neglect the possibility that the intersystem crossing from singlets to triplets could also be efficient enough to compete with the charge-transfer process.
Depending on the energy levels of the charge-transfer states and of the triplet states of the dimer, the radical-ion pairs issued from the charge-transfer reaction might relax, with a rate constant k, , either back to the ground state or to the triplet excited states of the dimer.
For different wavelengths, the decay kinetics were analysed as a sum of three exponents. The rate constants are reported in Table 1 . k,, which corresponds to the triplet decay, can be varied from 5 x 10' to 10' s-' without perturbing k, and k, .
The transient triplet should be very long lived; its decay is thus studied by means of the nanosecond absorption spectroscopy.
The initial differential absorption spectrum at 20 ns is very reminiscent of that obtained for the triplet state of the dimer in solution4 (see Fig. 8 ). Here again, the most intense porphyrin Soret and phthalocyanine Soret and Q bands are instantaneously photobleached and the positive absorption, peaking around 480 nm, is typical of the heterodimer triplet states. Despite the fact that the transient absorption around 400-410 nm is very weak, the kinetics show a fast formation process, the rate constant of which is identical to the decay rate constant measured at 460 nm (Fig. 9) . The growth of the absorption at 410 nm can be correlated with the decrease of the absorption at 460 nm. Moreover, over the whole wavelength region explored, the decay shows two regimes: a fast one, the rate constant of which is k', = (9.2 f 0.5) x lo5 s-l and a slow one with k, = (8.0 _+ 0.5) x lo3 s-'. The same features have been found previously for this dimer in solution and were attributed to the charge-transfer reaction which occurred in the triplet excited state of the dimer and to the relaxation of the charge-transfer states back to the ground states. The final differential spectrum of the long-lived radical-ion pairs in the organized solid state is very reminiscent of that recorded for the liquid-phase system.
As for the liquid phase, electron-transfer reactions are found to occur both in the singlet and triplet excited states of the dimer. When the charge transfer occurs in the singlet excited states, it is noteworthy that the transfer rate constant and the recombination rate constant of the radical ions are almost the same in the solid state and in the liquid phase. In contrast, in the triplet excited states of the dimer, the electron-transfer rate constant in the LB film is 40 times faster than in the liquid phase. However, the recombination of the primary charge carriers in LB films is only twice as fast as that in solution.
In the liquid phase, the discrepancy between k,, for singlets and triplets could be explained in terms of the thermodynamics of the transfer process. The theory of electron transfer of Marcus'' allows prediction of the rate constant of transfer as a function of the free energy of activation, AG*, of the photoinduced charge-transfer reaction. In solutions, AG* is essentially related to the standard Gibbs energy, AGO, of the 
where IC is the transmission coefficient and v the collision frequency. In the adiabatic regime, which corresponds to strong coupling between the reactants (as in the present case), IC = 1 and v = k, T/h. The standard Gibbs energy (AGO), of the ground state dimer, in a solvent x, can be approximated from the redox potentials of the monomers in a solvent m, using Weller's expression2' with Ell2 and ECl2 being respectively the half-wave potential of monoelectronic oxidation of the donor and reduction of the acceptor measured in a solvent m, r = r+ = r-the ionic radius, r12 the distance between the two ions, E, and E, the respective static relative permittivities of solvents x and m, and e the electron charge.
With E1 The same evaluation can be applied when the charge transfer occurs in the triplet excited state of the dimer. With E(T') = 1.63 eV obtained from phosphorescence data,21 and Tk,t (ZnPTMPyr4+/AlClPcTS4-) = 2.45 x lo4 s-' and for the same geometry of the dimer (r = 3 A), we obtain 'A = 2.24 eV.
In the liquid phase, the large difference in A values could have different origins. First of all, during the transfer time, which is 2ps and 40 ps, respectively, for the singlet and triplet excited states of the dimer, the relaxation and reorganisation of the solvent shell around the ion pair should be more important when the reaction is slower. Moreover, in the liquid phase, conformational change of the dimer could also occur. The dimer, in thermodynamic equilibrium with the two monomers, could be visualized as a floppy compound with the two chromophores being able either to move away from each other within a short distance, or to reorganize their mutual spatial conformation in such a way that the symmetry of the dimer could be completely changed. Such changes are predicted to affect strongly the rate of electrontransfer reactions.26 Studies reporting the determination of both "A and ' A values are, however, very scarce, especially for porphyrins, and no comparative data are available. Marcus's theory of charge transfer was also applied to heterodimers of porphyrins in the liquid phase. Segawa et ~l.,~' using picosecond laser spectroscopy, found for a series of porphyrin heterodimers that the rate constant for the chargerecombination process decreases linearly with increasing exothermicity as in the 'inverted region'. In contrast, Schaafsma et using femto-and pico-second laser spectroscopy techniques, found for a different series of porphyrin dimers : (i) no dependence on the free-energy gap for the charge separation process, (ii) much slower rates for charge recombination, which are explained in terms of a small electronic coupling between the charge-transfer state and ground-state potentials. These points have been discussed in a previous paper.4 It appears that for strongly coupled porphyrin dimers the kinetics of charge separation and recombination are not well understood. More work is needed to answer to the numerous questions, the most important of which is the applicability of Marcus's theory to strongly interacting complexes. The study of such complexes in LB films could be helpful as one can eliminate the role of the solvent in reorganizing the ion pair during the transfer.
We find that the rate constant of charge transfer in the singlet excited states of the dimer is a little slower in solutions than in LB films. This result seems to support the idea that the reorganisation of the medium around the ion pair during the transfer is more important in the liquid phase compared to the more rigid solid medium. The mobility of the two chromophores in LB films is restricted despite the possibility of motion of the long saturated alkane chains. The restriction of this motion, added to the difficulty for the surrounding medium to reorganize itself around the ion pair during its formation, would also account for the fast electron-transfer rate constant found for the triplet-state reaction in LB films. Moreover, in LB films, a gradient of polarity exists in the medium surrounding the dimer : the semi-amphiphilic zinc porphyrin experiences a non-polar medium constituted by the alkyl chains on one side and a polar medium on the other, while the tetrasulfonated phthalocyanine is completely surrounded by a polar environment.
The effect of polarity gradient on the efficiency of a chargetransfer reaction has not been studied. Such an environment could favour a charge-transfer reaction and stabilize the transient ion pair. To be able to discriminate between the two effects of gradient polarity and motion restriction one needs to study the charge-transfer reaction in rigid and homogeneous media. Such media could either be thin films of organic polymer or matrices of inorganic gels. Work is in progress to incorporate the porphyrin-phthalocyanine dimers in these matrices.
From a theoretical point of view, these strongly coupled dimers present a very interesting case of charge transfer. Thus, even in the liquid phase, the efficiency of the electron transfer could not be entirely understood in terms of the thermodynamics of the photoinduced reaction. Contradictory results have been obtained in the literature and the applicability of the Marcus's theory is questioned. Many questions also arise when the dimer is transferred to the more rigid LB film, such as how to account for the microscopic 'solvation' effect of the inhomogeneous environment of the dimer in the AG* term. The determination of the A value is very problematic in such cases. We believe that systematic comparative studies of the electron-transfer process in various dimers in solutions, in LB films, and in hyperviscous polymer matrices would give a clue to understanding the thermodynamics of photoinduced charge-transfer reactions.
Conclusions
The floating film built from the 1 : 1 semi-amphiphilic ZnP(N+C,,),/A1ClPcTS4-heterodimer is very stable and can sustain surface pressures up to 32 mN m-'. The high stability of the film is explained in terms of the highly compact nature of the film due to a judicious arrangement of the dimer lying flat on the water subphase. This idea is supported by the high value of the molecular area of the dimer, which fits with a molecular model in which the two chromophores are cofacial but tilted by 45".
The dimers in LB films are also very photostable. Photoirradiation of these compounds induces a charge-transfer reaction both in the singlet and triplet excited states of the dimer, leading to the formation of the primary charge carriers, the oxidized zinc porphyrins and reduced aluminium phthalocyanines. This behaviour was previously reported for the same dimer in solutions and seems to be completely reproducible in the organized solid state. The only difference comes from the rate constant values of the transfer reaction: it is faster in LB films than in solution. This discrepancy is tentatively explained in terms of the restricted mobility of the two chromophores in the solid state which could prevent any conformational change of the dimer during the transfer. It could also be related to the difference of the dimer environment in homogeneous solutions and in the LB films.
The first results obtained on the comparative study of the semi-amphiphilic ZnP(N+C,,),/AlClPcTS4-dimers in LB films and their homologues ZnP4+/A1ClPcTS4-in solutions are of great interest and are important in many respects. First, one can reproduce the photoprocesses that occur in the liquid phase when the compounds are transferred to the organized solid state. If this behaviour were generalized to the other dimers, the liquid-phase data could therefore serve as a guide for the choice of the most suitable system for many potential applications based on charge-transfer reactions, i.e. photoconductivity, second-harmonic generation etc. Thus, these preliminary results are very encouraging since the transfer processes seem to be enhanced in the solid organized medi um.
